DNA chip technology enables simultaneous examination of how Ϸ6,200 Saccharomyces cerevisiae gene transcript levels, representing the entire genome, respond to environmental change. By using chips bearing oligonucleotide arrays, we show that, after exposure to the alkylating agent methyl methanesulfonate, Ϸ325 gene transcript levels are increased and Ϸ76 are decreased. Of the 21 genes that already were known to be induced by a DNA-damaging agent, 18 can be scored as inducible in this data set, and surprisingly, most of the newly identified inducible genes are induced even more strongly than these 18. We examined 42 responsive and 8 nonresponsive ORFs by conventional Northern blotting, and 48 of these 50 ORFs responded as they did by DNA chip analysis, with magnitudes displaying a correlation coefficient of 0.79. Responsive genes fall into several expected and many unexpected categories. Evidence for the induction of a program to eliminate and replace alkylated proteins is presented.
Exposure to DNA-damaging agents can increase DNA repair capacity and activate cell-cycle checkpoints. Such exposures may also induce enzymes that metabolize toxicants to facilitate their elimination from the organism or may activate programmed cell death (apoptosis) to eliminate highly damaged cells. Thus, it has long been known that cells induce the expression of a variety of genes after toxic exposure, and gene regulation in response to DNA-damaging agents has been well studied in many organisms (1) (2) (3) (4) (5) .
Random lacZ gene fusions and differential hybridization previously have identified 21 Saccharomyces cerevisiae genes whose transcript levels are increased in response to DNA-damaging agents (1, (6) (7) (8) . Both approaches produced catalogs of genes of known and unknown function, but the lack of redundancy with which they were identified indicates that the search for such inducible genes is far from complete (1, 8) .
We previously studied the inducible transcription of an S. cerevisiae DNA repair gene (MAG1, encoding a 3-methyladenine DNA glycosylase) in response to simple alkylating agents such as methyl methanesulfonate (MMS; refs. 9-13). Upstream MAG1 regulatory elements were identified, and similar elements are found upstream of numerous DNA repair and metabolism genes, suggesting common transcriptional regulatory mechanisms (12) (13) (14) . We therefore decided to identify all the genes that are regulated coordinately with MAG1. Here, we report that DNA chip analysis has expanded by more than 15-fold the catalog of genes that are inducible by a DNA-damaging agent. In addition, DNA chip analysis has identified a class of genes whose transcripts are repressed. Global responses to a DNA-damaging agent have now come into focus, and we present evidence that exposure to an alkylating agent elicits a program to eliminate and replace alkylated proteins from S. cerevisiae cells.
MATERIALS AND METHODS
Strains, Media, and Growth Conditions. S. cerevisiae strain DBY747 (MATa his3-⌬1 leu2-3,112 ura3-52 trp1-289a gal S can1 CUP r ) was used in this study and was grown in 1% yeast extract͞2% peptone͞2% glucose at 30°C. Cells were grown to a density of 5 ϫ 10 6 cells per ml as measured by counting duplicated dilutions. Cultures were split into two; MMS (0.1%) was added directly to one culture, and both cultures were incubated at 30°C for 1 h. Cells were pelleted and washed once in distilled H 2 O and once in AE buffer (50 mM NaOAc, pH 5.2͞10 mM EDTA) immediately before RNA extraction.
RNA Extraction. Total RNA was isolated by using a hot-phenol method (15) . Poly(A) ϩ RNA was purified from total RNA with Oligotex oligo(dT) selection step (Qiagen, Chatsworth, CA). Poly(A) ϩ RNA was amplified and biotin-labeled as follows. Poly(A) ϩ RNA (1 g) was converted into double-stranded cDNA by using a modified oligo(dT) primer with a T7 RNA polymerase promoter sequence at the 5Ј end and the Superscript Choice system for cDNA synthesis (GIBCO). Double-stranded cDNA was purified by phenol͞chloroform extractions, precipitated with ethanol, and resuspended at a concentration of 0.5 g͞l in diethyl pyrocarbonate-treated H 2 O. Phase-Lock Gel (5 Prime 3 3 Prime) was used for all organic extractions to increase recovery. In vitro transcription was performed with T7 RNA polymerase (T7 Megascript kit, Ambion, Austin, TX) and with 0.5-1.0 g of cDNA, 7.5 mM unlabeled ATP and GTP, 5.3 mM unlabeled UTP and CTP, and 1.9 mM biotin-labeled CTP and UTP (biotin-11-CTP, biotin-16-UTP, Enzo Diagnostics). Reactions were carried out for 6 h at 37°C, and cRNA was purified by RNA affinity resin (RNeasy spin columns, Qiagen). A sample was separated on a 1% agarose gel to check the size range, and then 10 g of cRNA was fragmented randomly to an average size of 50 bases by heating at 94°C for 35 min in 40 mM Tris⅐acetate, pH 8.1͞100 mM KOAc͞30 mM MgOAc.
GeneChip Hybridizations. A set of four oligonucleotide arrays (GeneChip Ye6100 arrays, Affymetrix, Santa Clara, CA) containing probes for 6,218 yeast ORFs were used for hybridizations. Hybridizations were done in 200 l of AFFY buffer (Affymetrix) at 40°C for 16 h with constant mixing. After hybridization, arrays were rinsed three times with 200 l of 6ϫ sodium chloride͞ sodium phosphate͞EDTA͞Triton (SSPE-T; 1ϫ 0.15 M NaCl͞15 mM phosphate, pH 7.6͞1 mM EDTA͞0.005% Triton) and then washed with 200 l of 6ϫ SSPE-T (pH 7.6) for 1 h at 50°C. The arrays were rinsed twice with 0.5ϫ SSPE-T (pH 7.6) and washed with 0.5ϫ SSPE-T (pH 7.6) at 50°C for 15 min. Staining was done with 2 g͞ml streptavidin-phycoerythrin (Molecular Probes) and 1 mg͞ml acetylated BSA (Sigma) in 6ϫ SSPE-T (pH 7.6). The arrays were read at 7.5 m with a confocal scanner (Molecular Dynamics) and analyzed with GENECHIP software, version 3.0. The samples were normalized by using the total average difference between the perfectly matched probe and the mismatched probe (16) .
Northern-Blot Analysis. RNA was isolated from log-phase cells exposed to 0.1% MMS for 0, 30, 60, or 120 min by using a hot-phenol extraction method (15) . Total RNA (25 g) was fractionated in a 1% denaturing agarose gel, blotted, and probed
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with PCR-amplified labeled ORFs (Research Genetics, Huntsville, AL) by using standard methods (17) .
RESULTS AND DISCUSSION
Global Expression Monitoring After Alkylation Damage. The GeneChip methodology developed by Affymetrix was used to monitor global gene expression in S. cerevisiae. The 6,218 ORFs of this organism are represented on a set of four high density oligonucleotide arrays (16, 18, 19) . Poly(A) ϩ mRNA was isolated from untreated cells and from cells exposed for 1 h to 0.1% MMS. These conditions were chosen, because they yield optimal MAG1 induction with minimal cell death (11) . Poly(A) ϩ RNA was converted into double-stranded cDNA containing the T7 RNA polymerase promoter, and biotin-labeled cRNA was produced and hybridized to the GeneChip arrays. The hybridizationintensity information was gathered by scanning confocal microscopy and analyzed with GENECHIP software, version 3.0 (16). Typical GeneChip-hybridization intensities for control and MMS-treated cells are shown in Fig. 1 . As a guide, one MMSinduced, one MMS-repressed, and one nonresponsive ORF are indicated by arrows. It had been established that differences in hybridization intensity between the same ORFs on corresponding chips are proportional to changes in transcript levels and that intensity changes greater than 2.0-fold are both significant and accurate (16) . It is important to note that 18 of the 21 genes previously reported to be induced by a DNA-damaging agent (not necessarily MMS) were found to be induced by 2.5-to 6.9-fold. This fact is remarkable, because our study is limited to a single agent (MMS) and a single time point. These genes (and their fold induction) are
, and RAD18 (1) . (The complete data set can found at www.hsph.harvard.edu͞geneexpression.)
Of 6,218 ORFs, 325 (5.2%) showed more than a 4-fold increase in transcript level ( Table 1) ; 32 of these increased by greater than 10-fold, and the greatest increase was 251-fold (YFL061W). For reference, MAG1 was induced Ϸ5.5-fold in this particular experiment, and 115 ORFs were induced more highly than MAG1. MMS treatment also resulted in more than a 3-fold reduction in transcript levels for 75 of 6,218 ORFs (Table 2 ). Of these, 24 decreased by a factor of Ͼ5-fold; 10 decreased by a factor of Ͼ7.5-fold; 4 decreased by Ͼ10-fold.
To establish that the information obtained from GeneChip analysis is accurate, we chose 50 ORFs to examine by conventional Northern-blot analysis; these included 26 inducible (3.1-to 251-fold), 16 repressible (3.1-to 18.1-fold), and 8 nonresponsive ORFs. Freshly isolated RNA from control and from MMStreated cells was probed with each of the 50 ORFs. Hybridization signals, as measured by Northern-blot and GeneChip analysis, are shown for six of the ORFs (Fig. 2) , and data for all 50 ORFs are compiled in Fig. 3 A and B . In terms of whether the ORFs were inducible, repressible, or nonresponsive, the Northern-blot and GeneChip data agreed for 48 of the 50 ORFs. Moreover, the data agreed remarkably well in terms of the extent of induction or repression ( Fig. 3 A and B) , displaying a correlation coefficient of 0.79 for the complete data set (Fig. 3B) . For the majority of the ORFs, the fold change in transcript levels differed by no more than a factor of two between the Northern-blot and GeneChip data (Fig. 3A) . However, for very highly induced ORFs (see Fig.  3B ), the correlation weakens slightly, such that the Northern-blot analysis overestimates induction, the GeneChip analysis underestimates induction, or both. Note that for some highly induced ORFs, basal transcript levels are undetectable, making it difficult to calculate accurate fold-induction values. Further, some quantitative differences between GeneChip and Northern-blot data may not be unexpected given that the GeneChip analysis monitors hybridization of fragmented cRNAs to 20 oligonucleotide pairs per ORF (chosen for their uniqueness relative to the entire S. cerevisiae genome) and given that Northern blotting monitors hybridization of a complete ORF to immobilized full-length RNA transcripts separated on the basis of size. GeneChip analysis has the potential to discriminate between closely related genes, whereas Northern-blot analysis suffers from the potential that an ORF probe might hybridize to closely related RNAs. Indeed, the data point marked with an asterisk in Fig. 3A highlights this problem for the PHO3 and PHO5 genes. By GeneChip analysis, PHO3 was repressed 13-fold; PHO5 was scored as nonresponsive, because it was undetectable in both control and MMS-treated cells. One plausible explanation for PHO5 being undetectable by GeneChip analysis is that weak hybridization is caused by incorrect primer design. However, by using genomic DNA as a probe, the PHO5 gene can be detected on these chips (16) . Because ORFs are indicated. These ORFs correspond to RPS26B, YFL061W, and ACT1 respectively, and the hybridization differences were 3.6-fold, 251-fold, and 1-fold, respectively. Transcripts Induced by MMS. Several types of defense mechanism would be expected to protect cells against an alkylating agent such as MMS, namely DNA repair and recombination, cell-cycle checkpoints, and pathways that somehow prevent alkylating agents from reacting with target molecules (e.g., by changing the cell wall, membrane permeability, or drug metabolism). The 325 ORFs that were induced greater than 4-fold by MMS are listed in Table 1 ; 4-fold was arbitrarily chosen as the cutoff and is more conservative than the cutoff (2-fold) recommended by Affymetrix. The first six groups of genes (stress (31) . ‡ Hybridization intensity in the untreated sample was below a certain threshold and was therefore increased to an arbitrary, low value for the purposes of this calculation. Values are therefore approximate. § ORFs falling into two categories. ¶ Predicted function based on sequence similarity. (31) . Predicted function based on sequence similarity. **Hybridization intensity in the untreated sample was below a certain threshold and was therefore increased to an arbitrary, low value for the purposes of this calculation. Values are therefore approximate. † † ORFs falling into three categories. ‡ ‡ ORFs falling into four categories. response͞detoxification, DNA repair͞replication, cell cycle, signal transduction, cell wall biogenesis, and membrane transport) are not unexpected, because they could well be providing resistance to a chemical that damages DNA. However, with the exception of a few genes (e.g., MAG1), it remains to be determined whether and how each gene plays a protective role. Several other groups of genes are more difficult to rationalize, including those for nitrogen and sulfur metabolism, carbohydrate metabolism͞fermentation, mRNA processing, ''others,'' and the largest group of MMS-inducible transcripts, 112 ORFs with no known biological function and no sequence similarity to known proteins (see Table 1 ).
In addition to finding inducible genes potentially involved in repairing, avoiding, or preventing DNA damage, we observed the induced expression of 15 genes involved in protein degradation. In fact, when we relaxed the induction criterion from 4-fold to 2.0-fold (intensity changes greater than 2.0 are considered significant), we observe that 91 of the 143 known protein degradation genes are induced after exposure to this relatively nontoxic MMS dose. Proteins are known substrates for MMS alkylation (20) ; the fact that genes involved in protein degradation are up-regulated in response to MMS suggests that alkylated proteins may be targeted for degradation and that the elimination of alkylated proteins may be important for cellular recovery. The selective removal of chemically damaged proteins is not unprecedented; recently, it was shown that oxidized proteins are targeted for ubiquitin-mediated degradation in eukaryotic cells (21, 22) . It seems logical that cells must replace proteins that were degraded, and evidence for new protein synthesis is suggested by the increased expression of 41 genes involved in amino acid biosynthesis (Table 1 ). In fact, 91 of the known 194 ORFs involved in amino acid biosynthesis genes are induced greater than 2.0-fold. These data suggest that, in addition to inducing genes to promote recovery from DNA damage, cells also induce genes to promote recovery from protein damage. The relative importance of each pathway remains to be determined, and it should be noted that pathways that prevent DNA alkylation damage may also prevent protein alkylation damage.
Transcripts Repressed by MMS. The 76 genes that are repressed after MMS exposure are listed in Table 2 . The most notable groups include those involved in nucleotide and RNA synthesis and in the synthesis and assembly of ribosomal proteins. Repression of RNA synthesis and ribosomal genes might suggest that cells down-regulate de novo transcription and de novo protein synthesis in response to MMS, a suggestion that counters our proposal that MMS induces a program to degrade and replace alkylated proteins. However, an analysis of the global expression of S. cerevisiae genes might explain the apparent contradiction. In exponentially growing S. cerevisiae cells, ribosomal protein genes produce over one-third of the total poly(A) ϩ mRNA (Fig. 4) ; Table  1 . Dashed red lines represent a factor-of-two difference from a perfect match between Northern-blot and GeneChip analysis. The asterisk in A represents the PHO5 ORF (discussed in Results and Discussion) and † marks transcripts that were undetectable by Northern-blot analysis in untreated cells and whose fold-induction is likely to be less accurate. Note that these points were not included in the calculation of the correlation coefficient. FIG. 4 . Changes in the ratios of mRNA subpopulation in response to MMS. The fraction of poly(A) ϩ mRNA transcripts from genes related to ribosomes (blue), protein degradation (white), amino acid metabolism (green), cell rescue (yellow), and all others (red) was calculated for untreated and MMS-treated cells by using the GeneChip hybridization data. Hybridization intensities are directly related to absolute poly(A) ϩ mRNA level (16) . Therefore, hybridization intensities of a given mRNA reflect the abundance of a given mRNA relative to the total amount of mRNA. Genes are grouped into these categories according to the S. cerevisiae Genome Database and the Munich Information Centre for Protein Sequences (30, 31) .
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Genetics: Jelinsky and Samson Proc. Natl. Acad. Sci. USA 96 (1999) indeed, 75 of the 100 most highly transcribed genes in S. cerevisiae are ribosomal protein genes. These data are consistent with previous GeneChip and serial analysis of gene expression (16, 23) . Overall, MMS treatment induces a modest decrease in the expression of all the ribosomal protein genes (average of 1.7-fold), such that after MMS exposure still one-fifth of all transcripts encode ribosomal proteins (Fig. 4) . It seems likely that the modest reduction in ribosomal protein gene expression allows energy to be reshuffled for the increased expression of genes involved in protective responses, while maintaining a basal protein synthesis capacity (Fig. 4) . Moreover, a transient but slight decrease in the manufacture of new ribosomes may serve to slow the global production of proteins until alkylation exposure is diminished. There may even be preferential translation of MMS-induced transcripts to promote recovery further, and such preferential translation is not unprecedented (24) (25) (26) . It should be noted that not all ribosomal protein transcripts are repressed and that the mitochondrial ribosomal protein transcripts actually show a slight increase. (The complete data set can be found at www.hsph.harvard.edu͞geneexpression.) In addition to the repression of transcripts involved in nucleotide, RNA, and protein synthesis, several other genes are repressed (Table 2) , and as with the induced transcripts, ORFs of unknown function represent a large group. Recently, changes in global transcript levels during the cellcycle progression of S. cerevisiae were reported (27) . Of the 421 genes determined to have cell-cycle periodicity, only a small fraction (24 genes) are responsive to MMS, suggesting that changes in expression level after MMS treatment are not caused simply by changes in cell-cycle progression. Although over 60% of characterized genes showing cell-cycle periodicity have already been implicated in cell-cycle specific roles, very few of the characterized genes responsive to MMS are known to be involved in MMS resistance. One interpretation is that a majority of the responsive genes are not directly involved in the response to alkylation damage; another is that our study has shown that there are many more genes involved than previously known. The induction by another DNA-damaging agent of a large number of S. cerevisiae proteins involved in many different cellular processes was reported recently (28) . Evidence obtained from twodimensional gel electrophoresis indicated that at least 115 proteins are stimulated by H 2 O 2 and that at least 52 are repressed. Of the inducible proteins, 71 have been identified, and previously only 12 were known to act directly in antioxidant defense. The other proteins include heat shock proteins; enzymes for carbohydrate metabolism, amino acid biosynthesis, and protein degradation; and a number of unclassified proteins or proteins with no known function. The induction of a large number of seemingly unrelated proteins after H 2 O 2 exposure parallels the results presented here for transcript induction after MMS exposure.
We have made three major points. (i) The number of yeast genes known to be induced by a DNA-damaging agent has increased by at least 15-fold. (ii) A large number of genes are also repressed. (iii) There is evidence for the initiation of a program to eliminate and replace alkylated proteins from the cell. Whether all of the MMS-inducible and MMS-repressible ORFs listed in Tables 1 and 2 contribute significantly to protecting cells against alkylating agents must now be tested. For a few, their role is already well established, but for most, their role in MMSresistance remains to be determined. The anticipated availability of thousands of new S. cerevisiae strains with null mutations in all nonessential ORFs (29) and with regulated expression of all the ORFs would be essential for such an analysis. Identification and characterization of the regulatory mechanisms for each regulon that contributes to the global response would be particularly important, and it would be important to establish the relative contributions of each type of protective mechanism in ameliorating alkylating-agent toxicity. It would be particularly interesting to determine how critical the turnover of damaged proteins is for the recovery of cells from alkylation damage.
